Background: Blood transfusions are administered to children and adults with sickle cell anemia (SCA) for secondary stroke prevention, or as treatment for recurrent pain crises or acute anemia, but transfusion effects on cerebral hemodynamics and metabolism are not well-characterized. Purpose: To compare blood transfusion-induced changes in hemometabolic parameters, including oxygen extraction fraction (OEF) and cerebral blood flow (CBF), within and between adults and children with SCA. Study Type: Prospective, longitudinal study. Subjects: Adults with SCA (n = 16) receiving simple (n = 7) or exchange (n = 9) transfusions and children with SCA (n = 11) receiving exchange transfusions were scanned once when hematocrit was near nadir and again within 7 days of transfusion. Adult controls without SCA or sickle trait (n = 7) were scanned twice on separate days. Field Strength/Sequence: 3.0T T 1 -weighted, T 2 -weighted, and T 2 -relaxation-under-spin-tagging (TRUST) imaging, and phase contrast angiography. Assessment: Global OEF was computed as the relative difference between venous oxygenation (from TRUST) and arterial oxygenation (from pulse oximetry). Global CBF was computed as total blood flow to the brain normalized by intracranial tissue volume. Statistical Tests: Hemometabolic variables were compared using two-sided Wilcoxon signed-rank tests; associations were analyzed using two-sided Spearman's correlation testing. Results: In adults with SCA, posttransfusion OEF = 0.38 ± 0.05 was lower (P = 0.001) than pretransfusion OEF = 0.45 ± 0.09. A change in OEF was correlated with increases in hematocrit (P = 0.02; rho = -0.62) and with pretransfusion hematocrit (P = 0.02; rho = 0.65). OEF changes after transfusion were greater (P = 0.002) in adults receiving simple versus exchange transfusions. Posttransfusion CBF = 77.7 ± 26.4 ml/100g/min was not different (P = 0.27) from pretransfusion CBF = 82.3 ± 30.2 ml/100g/min. In children with SCA, both posttransfusion OEF = 0.28 ± 0.04 and CBF = 76.4 ± 26.4 were lower than pretransfusion OEF = 0.36 ± 0.06 (P = 0.004) and CBF = 96.4 ± 16.5 (P = 0.004). Data Conclusion: Cerebral OEF reduces following transfusions in adults and children with SCA. CBF reduces following transfusions more often in children compared to adults, indicating that vascular reserve capacity may remain near exhaustion posttransfusion in many adults. Level of Evidence: 2 Technical Efficacy: Stage 5
S
ickle cell anemia (SCA) is a genetically-inherited blood disorder that results in the production of two abnormal beta globin, leading to erythrocytes with predominantly hemoglobin-S (HbS), phenotype HbSS, and an absence of hemoglobin A (predominant hemoglobin in adults without a hemogobinopathy). 1 The presence of HbS causes erythrocytes to sickle, resulting in pathological effects, including chronic anemia 2 and an elevated risk for cerebral vasculopathy, silent cerebral infarction, and stroke. [3] [4] [5] In children with SCA, transcranial Doppler ultrasound is often used to screen for those at increased risk for stroke, 6 and regular blood transfusion therapy is initiated for primary stroke prevention in those with time-averaged maximum velocities greater than 200 cm/s in the middle cerebral artery. 7 In adults with SCA, no validated method of stroke risk assessment exists; however, after initial stroke, regular blood transfusions are often administered for secondary stroke prevention. Regular transfusion therapy is also used for severe complications of SCA such as management of frequent pain episodes unresponsive to hydroxyurea therapy and for treatment of acute or persistent severe anemia, but the effects of transfusions on cerebral hemodynamics are not fully understood. Investigating hemodynamic and metabolic responses to transfusions could help identify avenues for stratifying adults with SCA at high risk for stroke to transfusion therapy. Cerebral oxygen extraction fraction (OEF) has been identified as a potential marker of hemometabolic impairment in SCA. 8 OEF is defined as the ratio of oxygen consumed (CMRO 2 ; mL O 2 /100g tissue/min) to oxygen delivered (product of cerebral blood flow and blood oxygen content) and therefore reflects the balance of metabolic demand and hemodynamic oxygen delivery. Recently, OEF and cerebral blood flow (CBF) responses to blood transfusions have been elegantly characterized with magnetic resonance imaging (MRI) in children with SCA 9 ; however, given that transcranial Doppler ultrasound has not been shown to be an effective method for assessing stroke risk in adults as it has in children, it is unclear whether these MRI findings translate to adults with SCA.
Adults with SCA receiving transfusions exhibit higher CBF at baseline than those treated with oral hydroxyurea 8 , and such elevations in CBF 10 are expected to compensate for reduced hematocrit (Fig. 1) . However, similar to progression of impairment in arterial steno-occlusive disease, 11, 12 CBF increases may be insufficient to compensate for anemia in more advanced stages of disease, resulting in increases in OEF (Fig. 1 ). This issue is fundamental, as even while undergoing routine blood transfusions many patients remain at elevated risk for new or recurrent stroke. 13 In these patients, it is hypothesized that the hemometabolic response to transfusion may be suboptimal, and if so, such patients may be candidates for more aggressive therapies such as stem cell transplant. 14 To understand this possibility, characterizing how OEF and CBF respond to blood transfusions is a necessary prerequisite. Furthermore, the hemodynamic consequences of simple transfusions (ie, infusion of erythrocytes with hemoglobin A; HbA), which serve to primarily increase hematocrit but also have the effect of diluting hemoglobin S (HbS), versus exchange transfusions (ie, removal of HbS blood and replacement with HbA blood), which serve to primarily decrease HbS and blood viscosity but also maintain baseline hematocrit, are not well characterized.
The primary objective of this study was to quantify hemometabolic response to blood transfusions in patients with SCA and to evaluate whether this response is different between adults and children with SCA. We hypothesized that OEF would reduce following transfusion in adults with SCA, while CBF would remain unchanged on average. The premise for this hypothesis is that autoregulatory capabilities are exhausted in adults relative to children with SCA due to disease chronicity; therefore, even moderate improvements in hematocrit due to transfusion do not fully meet cerebral metabolic requirements, causing CBF to remain elevated in adults with SCA ( Fig. 1 ).
Materials and Methods

Participant Demographics
All participants provided informed, written consent for this prospective Institutional Review Board-approved study. Adults (age FIGURE 1: Physiological model. This schematic displays hypothesized behavior of cerebral metabolic rate of oxygen (CMRO 2 ), cerebral blood flow (CBF), and oxygen extraction fraction (OEF) as hematocrit decreases in individuals with sickle cell anemia (SCA) based on models adapted from the arterial steno-occlusive disease literature. 11, 12 When autoregulatory increases in CBF are sufficient to compensate for anemia and reduced oxygen carrying capacity of blood, OEF is not expected to increase. In patients with SCA who cannot increase CBF sufficiently due to exhaustion of autoregulatory reserve capacity or arterial steno-occlusion, and who are in more advanced stages of disease, OEF will increase for unchanging CMRO 2 . Depending on the extent of impairment, small improvements in hematocrit following transfusion may produce variable changes in cerebral hemodynamics. In those who have less advanced disease (black box), both CBF and OEF are expected to reduce, while in those who have more advanced disease (gray box), transfusions will reduce OEF, but have little change on CBF. range = 16-40 years) with SCA, age-and race-matched adult controls, and children (age range = 6-15 years) with SCA were recruited. In SCA participants, hemoglobin phenotypes SS or S/Beta 0 thalassemia served as inclusion criteria; other hemoglobin phenotypes, inability to complete two scans, independent major neurological or psychiatric condition (including but not limited to Parkinson's,  schizophrenia,  and  multiple  sclerosis) , and contraindications to MRI, including pregnancy or claustrophobia, served as exclusion criteria. In adult control participants, hemoglobin phenotype AA served as inclusion criteria; other phenotypes, including sickle trait (ie, hemoglobin phenotype AS), prior stroke or silent cerebral infarction, or other major neurological conditions as described above served as exclusion criteria.
Data Acquisition
MRI data were acquired at 3.0T (Philips Achieva; Best, The Netherlands) in adult and pediatric SCA participants receiving regular blood transfusion therapy and in adult control participants. In SCA participants, pretransfusion MRI data were acquired late in the transfusion cycle when the participant's hematocrit was near nadir, and posttransfusion data were acquired within 7 days after transfusion. In control participants, MRI data were acquired on two separate days less than 1 year apart without any interval intervention. Hematocrit and hemoglobin values, including percentage hemoglobin S (HbS%), were obtained from venipuncture for both timepoints in SCA participants and during the first timepoint only in controls. Control and SCA participants were requested to refrain from consuming caffeine or alcohol within 24 hours of their study MRI. ) and neck (TR/TE = 18.6/3.2 msec; spatial resolution = 0.9 × 0.9 × 3.0 mm 3 ) were performed for volumetric analysis, prior infarct assessment, to assess intracranial arterial stenosis, and to assess cervical arterial stenosis and guide placement of quantitative flow measurements, respectively.
OEF MEASUREMENT. T 2 -relaxation-under-spin-tagging (TRUST) 15, 16 data were acquired twice per session (spatial resolution = 3.4 × 3.4 × 5 mm 3 , τ CPMG = 10 msec, eTE = 0, 40, 80, and 160 msec, TR/TE = 1978/3.6 msec, averages = 3). 8, 16 Control and venous-labeled (transfer-insensitive labeling technique; TILT) TRUST images were acquired from a slice containing the superior sagittal sinus, approximately 20 mm superior to the confluence of the sinuses; the image slices were positioned parallel to the anterior commissure / posterior commissure line ( Fig. 2A) . ; velocity encoding gradient [v enc ] = 40 cm/s). Imaging slices were planned using the TOF neck MRA, and the slices were placed orthogonal to the orientation of the vessels at the approximate location of the C2 vertebra ( Fig. 2A) . 17 Magnitude images and phase images, which were subsequently converted to velocity images, were recorded.
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Data Processing ANATOMICAL IMAGING. To evaluate vasculopathy presence and extent, T 2 -weighted FLAIR MRI and TOF head MRA data were independently examined by two board-certified neuroradiologists to identify the presence of infarcts and stenosis of a major intracranial artery (intracranial internal carotid artery segments and/or first segment of the middle cerebral artery, posterior cerebral artery, or anterior cerebral artery), respectively.
OEF MEASUREMENT. TRUST data were pairwise subtracted (Fig. 2B) , and venous blood water T 2 was quantified in the superior sagittal sinus 8 ; venous blood water T 2 values were then converted to venous oxygen saturation (Y v ) using previously characterized calibration curves generated with bovine blood, which exhibits similar magnetic properties as blood with HbA. 15 Y v was then utilized along with arterial oxygenation saturation (Y a ), which was acquired from twowavelength pulse oximetry, to calculate OEF = (Y a -Y v )/Y a . Finally, the OEF values from both TRUST measurements were averaged to obtain the OEF value for each participant. The observable from this analysis was a global measure of cerebral OEF. As a secondary analysis, we compared OEF values pre-and posttransfusion in adults and children with SCA from the bovine model with a recently-reported TRUST calibration model specific for HbS.
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CBF MEASUREMENT. Flow velocities inside the left and right ICAs along with the left and right vertebral arteries were computed from the phase contrast magnitude images as previously described (Fig. 2C ). 17 T 1 -weighted images were brainextracted 19 and segmented 20 to identify regions of gray matter parenchyma, white matter parenchyma, and cerebrospinal fluid. Global CBF values were quantified from phase contrast data as the total blood flow to the brain (summation of the product of the mean velocity in each vessel and the vessel cross-sectional area) normalized to the total tissue volume (total gray and white matter). The observable from this analysis was a global measure of CBF (ml/100g/min).
Data Analysis and Statistical Considerations
Statistical analyses were performed using nonparametric approaches and with R Statistical Software (R Foundation for Statistical
Computing, Vienna, Austria). Continuous variables are reported as mean ± standard deviation. All statistical tests required a two-tailed P < 0.05 for significance.
REPEATABILITY AND TEMPORAL STABILITY OF OEF
MEASUREMENTS. Global OEF measurements from TRUST data acquired in healthy controls were assessed for repeatability (within the same scan session) and temporal stability (with longitudinal measurements). Repeatability was assessed using BlandAltman analysis 22 comparing OEF measurements computed from the two separate TRUST acquisitions in all participants. Temporal stability was assessed via a Wilcoxon signed-rank rest between OEF measurements made from two different scan sessions in control participants. Intraclass correlation coefficients (ICCs) were computed for both analyses. Agreement between values were defined as: poor (ICC < 0.40), fair (ICC = 0.40-0.59), good (ICC = 0.60-0.74), or excellent (ICC > 0.74).
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HEMOMETABOLIC RESPONSES TO TRANSFUSION.
Posttransfusion OEF and CBF values in adults and children with SCA were compared separately to pretransfusion values using Wilcoxon signed-rank tests. In adults with SCA, posttransfusion OEF and CBF values were compared to adult control values using Wilcoxon rank-sum tests. The imaging slices for the TRUST sequence were oriented parallel to the anterior commissure / posterior commissure line and were located 20 mm superior to the confluence of the sinuses. The slices for the PC imaging sequences were placed approximately at the location of the C2 vertebra and were orthogonal to the vessel of interest (as shown for the left internal carotid artery; ICA). Sample control and label images for the TRUST sequence are shown for one effective echo time (eTE) (B). The superior sagittal sinus (yellow arrow) appears bright in the control image and dark in the label image. The subtracted signal between control and label pairs at four eTEs was used to calculate the venous oxygenation inside the sagittal sinus for oxygen extraction fraction (OEF) measurement. Sample magnitude and velocity images for the PC imaging sequence are shown for the left ICA (yellow arrows); positive velocity indicated inferior-to-superior flow direction and negative velocity indicated superior-to-inferior flow direction) (C). Each vessel was segmented, and the mean velocity and cross-sectional area of each vessel were used to calculate global cerebral blood flow (CBF).
The effects of age on hemometabolic responses to transfusion were assessed using Spearman's partial correlation analysis, independently for OEF and CBF. Age was used as the independent variable, and the transfusion-related change in OEF or CBF was used as the dependent variable, while controlling for the effects of change in hematocrit and severity of intracranial vasculopathy.
ASSOCIATIONS WITH HEMATOLOGIC VARIABLES.
Transfusion-related changes in OEF and CBF in adults with SCA were examined using Spearman's correlation tests as a function of 1) hematocrit change from pre-to posttransfusion 2) pretransfusion hematocrit; 3) HbS change from pre-to posttransfusion; and 4) pretransfusion HbS. OEF and CBF changes were assessed identically in children with SCA. Corrections for multiple comparisons were made using the BenjaminiHochberg procedure for controlling false discovery rate. 24 TRANSFUSION TYPE. An exploratory analysis was conducted between subgroups of adults with SCA receiving simple versus exchange transfusions. Changes in hematocrit, HbS, and OEF from pre-to posttransfusion were assessed for each subgroup using Wilcoxon signed-rank tests. Finally, the change in OEF from pre-to posttransfusion was compared between the two subgroups using a Wilcoxon rank-sum test.
Results
Demographic and Hematologic Variables
Data analysis was conducted in a total cohort of 34 participants: adult SCA participants on blood transfusion therapy (n = 16; age = 24.6 ± 7.0 years; sex = 56% female), healthy age-and race-matched adult controls scanned at two timepoints (n = 7; age = 26.1 ± 6.2 years; sex = 57% female), and pediatric SCA participants on blood transfusion therapy (n = 11; age = 9.6 ± 2.7 years; sex = 55% female). In SCA participants, pretransfusion MRI data were acquired 4.9 ± 19.8 days before a scheduled blood transfusion, when hematocrit was near nadir; one subject missed the subsequent transfusion cycle, resulting in a large variance for this measurement. Posttransfusion MRI data were acquired 2.1 ± 2.7 days after a blood transfusion. In control participants, MRI data were acquired at two timepoints 202.4 ± 67.7 days apart. Hematocrit values and hemoglobin concentrations were obtained from each participant within 0.7 ± 1.4 days of pretransfusion MRI and within 1.4 ± 2.3 days of posttransfusion MRI. Three of 15 adult SCA participants exhibited cervical carotid artery stenosis >50%. All three had significant intracranial stenosis (bilateral moyamoya). 44% of adults with SCA received a simple transfusion while 56% received an exchange transfusion; 100% of children with SCA received an exchange transfusion. A summary of demographic, hematologic, and neurologic variables of this cohort is provided in Table 1 .
Repeatability and Temporal Stability of OEF Measurements
Intrasession venous oxygenation measurements demonstrated excellent agreement ( Fig. 3A ; ICC = 0.98; 95% confidence interval [CI]: 0.97-0.99; P < 0.001). OEF measurements in controls were not different between scans at two timepoints (Fig. 3B) ; the intersession OEF measurements in controls also demonstrated excellent agreement (ICC = 0.87; 95% CI: 0.51-0.98; P = 0.001). CBF measurements in controls showed that CBF was not different between scans at two timepoints (Fig. 3C) ; the intersession CBF measurements also demonstrated excellent agreement (ICC = 0.90; 95% CI: 0.42-0.99; P = 0.004).
Hemometabolic Responses to Transfusion
OEF RESPONSE TO TRANSFUSION. In adults with SCA (n = 16), mean posttransfusion OEF = 0.38 ± 0.05 was significantly (P = 0.001) lower than pretransfusion OEF = 0.45 ± 0.09 (Fig. 4A) . OEF decreased after transfusion (ΔOEF = -0.10 ± 0.05) in 12 of 16 participants (75%) and was unchanged or increased very slightly (ΔOEF = 0.01 ± 0.01) in 4 of 16 participants (25%).
In children with SCA (n = 10), mean posttransfusion OEF = 0.28 ± 0.04 was significantly (P = 0.004) lower than pretransfusion OEF = 0.36 ± 0.06 (Fig. 4C) ; OEF measurements were not available in one pediatric participant. OEF decreased after transfusion (ΔOEF = -0.10 ± 0.05) in 9 of 10 participants (90%) and was slightly higher (ΔOEF = 0.03) in 1 of 10 participants (10%).
Posttransfusion OEF in adults with SCA (OEF = 0.38 ± 0.05) did not appear to normalize (P = 0.07) to levels observed in controls (OEF = 0.34 ± 0.07), while OEF in children with SCA (OEF = 0.28 ± 0.04) reduced following transfusion to a level previously reported in healthy age-matched controls (OEF = 0.28). 9 For completeness, we compared OEF values from the conventional TRUST calibration (presented above) to a recent HbS calibration model. 21 When using the HbS calibration model, pretransfusion OEF values in adults with SCA (OEF = 0.26 ± 0.05) were lower at baseline than with the more commonly-used bovine model 8, 16 and with positron emission tomography (PET) 25 CBF RESPONSE TO TRANSFUSION. In adults with SCA (n = 14), mean posttransfusion CBF = 77.7 ± 26.4 ml/100g/ min was not significantly different from pretransfusion CBF = 82.3 ± 30.2 ml/100g/min (P = 0.27) (Fig. 4B ) but was significantly elevated compared to control CBF = 50.2 ± 7.7 ml/100g/min. CBF decreased after transfusion (ΔCBF = -13.6 ± 6.4 ml/100g/min) in 9 of 14 participants (64%) and was unchanged or increased (ΔCBF = 11.5 ± 11.5 ml/100g/min) in 5 of 14 participants (36%). By contrast, in children with SCA (n = 10) mean posttransfusion CBF = 76.4 ± 11.3 ml/100g/min was significantly (P = 0.004) lower than pretransfusion CBF = 96.4 ± 16.5 ml/100g/min (Fig. 4D) ; CBF data were not available in one pediatric participant. Posttransfusion CBF was lower than pretransfusion CBF (ΔCBF = -22.3 ± 9.9 ml/100g/min) in 9 of 10 participants (90%) and was unchanged (ΔCBF = 0.1 ml/100g/min) in 1 of 10 participants (10%). Posttransfusion CBF in adults with SCA (CBF = 77.7 ± 26.4 ml/100g/min) did not appear to normalize (P = 0.06) to levels observed in controls (CBF = 50.2 ± 7.7 ml/100g/min), while posttransfusion CBF in children with SCA (CBF = 76.4 ± 11.3 ml/100g/min) was similar or slightly elevated compared to recently published results in age-matched controls (median CBF = 71.3 ml/100g/min). 9 EFFECTS OF AGE ON TRANSFUSION RESPONSE. In participants with SCA (n = 26), there was no significant relationship between age and transfusion-related changes in OEF (P = 0.13; rho = -0.23). In participants with SCA (n = 24), a significant positive relationship was observed between age and transfusion-related changes in CBF (P = 0.03; rho = 0.45).
Associations With Hematologic Variables
In adults with SCA, the change in OEF was significantly correlated with the change in hematocrit (P adjusted = 0.02; rho = -0.62) and with pretransfusion hematocrit (P adjusted = 0.02; rho = 0.65) (Fig. 5A,B) but was not associated with either the change in HbS% (P adjusted = 0.56) or with pretransfusion HbS % (P adjusted = 0.33). Pretransfusion hematocrit trended to be marginally lower (P = 0.09) in the subgroup with an OEF decrease (hematocrit = 23.7 ± 4.5%) compared to the subgroup in whom OEF did not change (hematocrit = 27.7 ± 2.5%); furthermore, change in hematocrit was significantly greater (P = 0.02) in the subgroup with an OEF decrease (Δhematocrit = 4.4 ± 1.9%) compared to the subgroup in whom OEF did not change (Δhematocrit = 1.7 ± 1.3%). No analogous differences in hematologic variables were observed between adult subgroups with varying CBF changes.
In children with SCA, the change in OEF was inversely correlated with the change in hematocrit (P adjusted = 0.03; rho = -0.73) and directly with pretransfusion hematocrit (P adjusted = 0.03; rho = 0.75) (Fig. 5C,D) and was also not associated with either the change in HbS% (P adjusted = 0.46) or with pretransfusion HbS% (P adjusted = 0.28). No analogous associations were present between these parameters and change in CBF in either adults or children with SCA. Pretransfusion hematocrit was similar in the subgroup with an OEF decrease (hematocrit = 28.0 ± 3.5%) and the participant in whom OEF did not change (hematocrit = 28.0%); however, change in hematocrit trended to be higher (P = 0.11) in the subgroup with an OEF decrease (Δhematocrit = 6.4 ± 2.4%) compared to the subgroup in whom OEF did not change (Δhematocrit = 2.0%). No analogous differences in hematologic variables were observed between pediatric subgroups with varying CBF changes.
Transfusion Type
In adults receiving a simple transfusion, posttransfusion hematocrit = 25.0 ± 2.3% was higher than pretransfusion FIGURE 3: Repeatability and temporal stability of OEF and CBF measurements. A Bland-Altman plot for repeatability analysis (repeats = 2) for venous oxygen saturation (Y v ), the key measurement to assess OEF, is shown here (A). Y v measurements are shown for adult controls (blue), adults with SCA (black), and children with SCA (purple) at two timepoints along with the mean (red) and 95% CI (black) of the difference. Bar graphs of mean global OEF (B) and CBF (C) measurements are shown at two timepoints. These analyses support that OEF measurements with TRUST are repeatable within a scan session; furthermore, OEF and CBF measurements are largely stable over time in healthy adults who did not receive interventions affecting cerebral hemodynamics. hematocrit = 20.4 ± 2.5% (P = 0.02); posttransfusion HbS% was unavailable in most receiving simple transfusions. In adults with SCA receiving exchange transfusions, posttransfusion hematocrit = 31.3 ± 2.9% was higher than pretransfusion hematocrit = 28.2 ± 1.6% (P = 0.006), and posttr ansfusion HbS% = 23.4 ± 13.4% was lower than pretransfusion HbS% = 42.1 ± 10.0% (P = 0.02). Adults with SCA from the two transfusion groups exhibited similar levels of impairment about silent cerebral infarction (simple = 71%, exchange = 75%), intracranial vasculopathy (simple = 43%, exchange = 56%), and history of overt stroke (simple = 71%, exchange = 78%) (Supplementary Tables 1, 2) but were more impaired than children with SCA: 45% with SCI, 9% with overt stroke, and no intracranial vasculopathy (Table 1) .
In adults with SCA receiving simple transfusions, posttransfusion OEF = 0.40 ± 0.04 was significantly lower than pretransfusion OEF = 0.54 ± 0.06 (P = 0.02), while in adults with SCA receiving exchange transfusions, posttransfusion OEF = 0.36 ± 0.04 trended lower than pretransfusion OEF = 0.39 ± 0.03 (P = 0.11). OEF changes following transfusion were significantly (P = 0.002) greater in those receiving simple transfusions versus those receiving exchange transfusions (Fig. 6A) , but no analogous differences in CBF changes were observed in those receiving simple versus exchange transfusions (Fig. 6B) .
Discussion
The findings of this study are that, in adults with SCA, cerebral OEF generally reduces following transfusions, while CBF is unchanged on average. This pattern in adults is different from what has been observed in pediatric SCA patients, both in this current study and in a recent study, 9 in which both OEF and CBF reduced posttransfusion in pediatric SCA patients. This finding is consistent with the hypothesis that many adult patients may be operating in a more advanced stage of hemometabolic impairment, presumably related to a higher burden of cerebral injury and vasculopathy. Furthermore, the magnitude of OEF change was associated with the magnitude of change in hematocrit, but not change in HbS, and with pretransfusion hematocrit. Preliminary results comparing transfusion types indicate that the magnitude of the OEF change may be larger in those receiving simple transfusions than in those receiving exchange transfusions. This difference may be related to the larger, although not statistically significant, given the sample size of this study, change in hematocrit with simple transfusion and also the significantly lower pretransfusion hematocrit in simple transfusion participants.
In individuals with SCA, blood oxygen carrying capacity is reduced, triggering autoregulatory increases in CBF in compliant parenchyma to compensate for the resulting anemia. 26, 27 In more chronically anemic patients or those with advanced SCA-related cerebrovascular disease, it is possible that these autoregulatory capabilities are exhausted, 28 and thus increases in OEF may occur in the face of maintained CMRO 2 and reduced oxygen delivery. 11, 12 Since blood transfusions serve to increase hemoglobin levels and blood oxygen content, OEF should decrease following transfusion. We confirmed this hypothesis and further demonstrated that changes in OEF due to transfusion may be dependent on the change in hematocrit. This finding can be explained by the inverse relationship between hematocrit and OEF, which indicates Spearman's correlation testing was performed, and the appropriate P-and rho-values are reported for each comparison after correction for false-discovery rate. Lines-of-best-fit (red) are shown for each comparison simply as an aid to visualize the direction (direct or inverse) of the trends between variables. In adults with SCA (n = 16), the change in OEF is significantly associated with the change in hematocrit and with pretransfusion hematocrit; these correlations are also seen in children with SCA (n = 10).
that increases in hematocrit should lead to decreases in OEF when CBF and CMRO 2 are unchanged. CBF, as measured with phase contrast MRA, was found to be unchanged from pre-to posttransfusion measurements in adults with SCA receiving regular blood transfusions. This is consistent with the hypothesis that CBF changes due to variations in hematocrit in severely anemic adults with SCA are small, likely due to the microvasculature operating in a maximally vasodilated state even following small transfusioninduced increases in hematocrit. A recent study in children with SCA (mean age = 13.1 years) by Guilliams et al 9 observed a decrease in both OEF (from 34% to 31%) and CBF (from 88 ml/100g/min to 82 ml/100g/min) after transfusion. In addition, another recent study by Kosinski et al has also shown decreased CBF and also increased cerebrovascular reactivity in children with SCA (mean age = 12.8 years) following transfusion. 29 We have demonstrated similar findings of reduced OEF and CBF in a comparable population of children (mean age = 9.6 years) but not adults. In addition, we have shown preliminary results of partial correlation analysis indicating that CBF changes following transfusion may be more pronounced in younger versus older subjects, while OEF changes may be more pronounced in older subjects. These differences in physiological response to transfusion, coupled with the differences in baseline hematocrit between the adult and pediatric populations in our studies, lend further support for the proposed model. We also observed trends for differences in hemometabolic response with respect to the type of transfusion given, although in a small sample of each group. Simple transfusions serve to primarily increase hematocrit but also have the effect of diluting HbS, while exchange transfusions serve to primarily decrease HbS but have a secondary effect of maintaining a preset baseline level of hematocrit. Although most adults with severe complications of SCA receive exchange transfusions, simple transfusions are also routinely used for different clinical indications, such as severe chronic or episodic anemia. In this study, SCA adults who received a simple transfusion (n = 7) versus an exchange transfusion (n = 9) were included. The results suggest that those receiving simple transfusions demonstrate a greater decrease in OEF posttransfusion than those receiving exchange transfusions, presumably due to the lower baseline hematocrit and a larger transfusion-related increase in hematocrit observed in these subjects. However, future studies with larger sample sizes will be required to better characterize this possibility.
Prior work with PET has demonstrated that blood transfusions reduce OEF in anemic patients with subarachnoid hemorrhage along a similar physiological mechanism as proposed in this study (ie, increase in oxygen content of blood without a decrease in blood flow). 30, 31 Previous work in SCA using 133 Xenon inhalation found reduced CBF in a small cohort (n = 2) of patients after transfusion therapy compared with nontransfused patients, but the posttransfusion CBF remained higher than in age-matched control volunteers. 26 However, these patients were on average less anemic (mean hematocrit = 30.5) at baseline compared with participants in this study (mean hematocrit = 24.5). According to the model proposed, increased hyperemia through autoregulatory vasodilation may be sufficient compensation in these less anemic patients without complementary elevations in OEF. While we observed that on average OEF decreases and CBF stability pre-versus posttransfusion in adults with SCA, there was some disparity in individual participants. A subset of adults with SCA did not have the expected decrease in OEF following transfusion. These four subjects were less anemic, exhibited a larger than average drop in posttransfusion CBF (CBF change = 14.2 ml/100g/min), and exhibited a lower pretransfusion OEF = 0.37 compared to the group average of OEF = 0.45. TRUST MRI was utilized in this study for OEF computation with calibration models previously derived from bovine blood over a hematocrit range of 35-55% 16 21 and potential capillary shunting phenomena; however, separate work found no relationship between shunting artifacts on arterial spin labeling MR signal and metabolism, 37 albeit using calibration models from bovine blood. Prior work with gold-standard PET has shown a normal-to-high OEF in SCA patients (range = 0.37 to 0.52). 25 The OEF values from this study are in good agreement with these prior studies using PET. However, given the discrepant findings among multiple groups, more work is required in this area. Phase contrast MRA was used in this study for CBF computation; phase contrast has been investigated for quantification of global CBF 38, 39 and has been previously utilized to measure global CBF in SCA. 27 CBF measurements with phase contrast could be affected by two factors: the measurement of bulk blood flow through the cervical vessels and the normalization of this bulk flow to viable tissue. We addressed these points through the use of a low flow-encoding velocity (40 cm/s) and a segmentation algorithm that separated tissue and fluid, allowing for the bulk flow to be normalized to approximately the amount of viable brain tissue. The findings should be considered in the context of the following limitations. First, while the volunteers in this study were very well characterized and followed longitudinally, the sample size of control (n = 7) and adult SCA participants (n = 16) utilized in this study was small. A larger longitudinal study with multivariate analyses is required to fully understand the clinical relevance of these physiological parameters as biomarkers of therapy response. Second, phase contrast MRA data for flow velocity calculation and subsequent determination of CBF was only available in 14 of 16 SCA participants. Third, conventional pulse oximetry was utilized in this study for measuring arterial oxygen saturation; corrections for dyshemoglobin levels were not performed. While Guilliams et al demonstrated a significant difference in dyshemoglobin levels pre-versus posttransfusion in a pediatric SCA cohort, they reported a median difference in dyshemoglobin levels of 0.4% 9 ; this small change is unlikely to explain the OEF differences pre-versus posttransfusion we observed. Finally, global measures of OEF and CBF were utilized in this study. While this may present a problem in patients with lateralizing cerebrovascular disease, regional vasculopathy severity that could confound global measurements were well matched between the simple and exchange transfusion cohorts.
In conclusion, we observed that mean cerebral OEF reduces following blood transfusions in adults with SCA. These changes in OEF parallel the change in hematocrit and are associated with pretransfusion hematocrit. Future work that focuses on how these hemometabolic changes following transfusion adjust in those with versus without recurrent stroke could be useful for developing biomarkers that could have relevance for triaging patients for personalized therapies.
